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Abstract—This paper presents and discusses the 
electromobility management system developed in the context of 
the “SMARTV2G” project, enabling the automatic control of 
plug-in electric vehicles’ (PEVs’) charging processes. The paper 
describes the architecture and the software/hardware 
components of the electromobility management system. The 
focus is put in particular on the implementation of a centralized 
demand side management control algorithm, which allows 
remote real time control of the charging stations in the field, 
according to preferences and constraints expressed by all the 
actors involved (in particular the distribution system operator 
and the PEV users). The results of the field tests are reported and 
discussed, highlighting critical issues raised from the field 
experience. 
Keywords—plug-in electric vehicles; electric vehicle supply 
equipment; demand side management; model predictive control 
I. INTRODUCTION 
In a context of obliged continuous optimization of the 
energy consumption rates in developed societies [1], 
embedded systems and solutions can play a significant role in 
the process of transition towards sustainable urban life in 
European countries. One of the main and most promising 
technological areas that are expected to be able to contribute 
in a most relevant way to that overall target is the one 
constituted by the plug-in electric vehicles (PEVs) [2], [3]. 
However, previous and current initiatives aiming at a deeper 
deployment of this environment respectful alternative 
transport option have had to face serious technological and 
logistic handicaps that have up to now entailed a noteworthy 
hurdle for a generalized penetration of this kind of motion 
technologies. 
As technological barriers related to vehicles autonomy 
seem to be progressively overcome by gradually improving 
batteries and electric drives, the main technological obstacles 
for a large scale deployment of PEVs remain the lack of an 
optimized network of electric vehicle supply equipment 
(EVSE) – i.e. all accessories, devices, power outlets or 
apparatuses, including the charging stations (CSs), installed 
for the purpose of delivering energy to the PEV and allowing 
communication–, standardized user interfaces and proper 
charging stations control centers mitigating the effect of 
simultaneous charging loads on the electricity distribution 
grid. 
As a matter of fact, the main objective targeted by the 
Smart Vehicle to Grid Interface (SMARTV2G) FP7 European 
research project [4] aims at connecting the PEVs to the grid by 
enabling controlled flow of energy and power through safe, 
secure, energy efficient and convenient transfer of electricity 
and data. In order to meet the mentioned objective, a control 
framework enabling PEV charging load control through a 
demand side management control strategy has been initially 
proposed in [5], [6] and then refined in [7] and [8]1. This paper 
presents an overview over the designed PEV charging control 
system, in terms of used equipment and control methodology, 
and then focuses on the achieved field test results, also 
discussing open points raised during the field experience. 
With the term “smart charging”, we refer in the following 
to the possibility of providing the charging service to the PEV 
users according to their expressed preferences, and in a 
controlled way, which is suitable and convenient also for the 
other actors (the charging service provider, the EVSE operator, 
                                                            
1  A different approach analysed in the project was to let the vehicles 
autonomously decide their charging strategy, see [9]. 
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 the distribution system operator (DSO), etc.) involved in the 
charging process. User preferences are expressed by the user 
when asking for the charging services and are given by the 
couple: (i) desired final state of charge (SoC) or, alternatively, 
required energy to recharge, expressed in kWh and; (ii) 
available time for charging (i.e. the time within which the final 
SoC has to be achieved or the required energy has to be 
delivered). 
On the other hand, grid actors, and the DSO in particular, 
find it convenient that the charging processes (i.e. the power 
drown by the charging stations) are properly controlled, 
because to do so would mean for them having the flexibility of 
employing electromobility controllable load for network-
support purposes, balancing of fluctuating renewable energy 
sources, etc. (thus generating value for themselves and for the 
other cooperating actors involved – i.e. the PEV users and the 
operator of the EVSEs). 
The remainder of the paper is organized as follows. Section 
II presents a general introduction to the SMARTV2G system 
architecture. Section III gives details on the developed 
SMARTV2G control center. Section IV gives details on the 
charging station developed in the SMARTV2G project and 
employed in the field tests. Section V recalls the demand side 
management algorithm developed for the automatic control of 
PEV charging loads. Section VI discussed the results of the 
field tests and, finally, in Section VII the conclusions of the 
work are given.  
II. SYSTEM ARCHITECTURE 
The SMARTV2G project has designed [4] and 
implemented an electromobility management system to allow 
actual implementation of smart charging, meaning that: 
• An information and communication technology (ICT) -
based control center (named “SMARTV2G control 
center”) has been developed to monitor and control the 
CSs deployed on the field. The PEV users are provided 
with radio-frequency identification (RFID) cards and the 
control center takes care of authorization/termination of 
the charging process. 
 
• The SMARTV2G control center can periodically (each 
five minutes in the field tests) acquire measurements from 
the field (i.e. status of the charging stations, energy and 
power measured by the charging stations currently 
providing the charging service). As explained next, this 
feedback of information is crucial to ensure that the load 
profiles commanded to the charging stations can be 
properly updated during time. 
 
• An ICT interface (smartphone app or web page) allows 
PEV users to communicate their willingness to take part 
in the smart charging program, their user preferences 
related to the charging session to be started (desired final 
SoC and time flexibility) and other information to be 
known by the control center in order to properly control 
the charging session (the actual/initial SoC and the battery  
 
Fig. 1. SMARTV2G reference scenario for smart charging 
capacity, which can be derived from vehicle type, to be 
reported also by the EV user). 
• Within the SMARTV2G control center, a software 
module, named load area controller (LAC), is in charge of 
solving a demand side management control problem 
aimed at computing and periodically updating (according 
to the feedback received from the field) the load profiles 
to be applied by the charging stations. Such load  profiles 
have always to be compliant, in particular, with the user 
preferences (as far as grid constraints allows it). 
• Smart alternating current CSs developed by ETREL in 
SMARTV2G project are installed in the field. They are 
connected with the SMARTV2G control center (via 
GPRS or Ethernet communication) and support single-
phase and tree-phase charging at different power levels. 
They can be remotely controlled from the control center 
for various purposes and, in particular for what concerns 
this paper, in the sense that, according to standard 
IEC61851 [10], the CS can communicate to the PEV a set 
point for the value of the current the PEV is allowed to 
draw in a certain time interval, thus making possible to 
automatically controlling the EV charging load profiles 
with proper demand side management algorithms.  
 Load profiles are computed by the LAC under the two 
fundamental requirements of: (i) minimizing the costs for 
charging, even in a dynamic pricing scenario in which the tariff 
is not flat and may be updated intraday, and (ii) control the 
aggregated PEV charging load (i.e. the overall power adsorbed 
by the charging stations) to follow a power reference profile set 
by a grid actor willing to exploit the flexibility offered by 
PEVs charging control. Such power reference may be for 
example set by the DSO on a day-ahead basis, or even updated 
intraday to face medium/short-term grid needs. 
The general reference scenario considered by SMARTV2G 
is shown in Fig. 1, including also a high-level architecture of 
the electromobility management system developed in 
SMARTV2G project. The SMARTV2G control center is 
discussed in the next section. 
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Fig. 2. The SMARTV2G control centre architecture, based on a cloud 
control center  
III. SMARTV2G CONTROL CENTRE  
The architecture of the SMARTV2G control center is based 
on a cloud solution, which enables the interaction between 
PEVs, CSs, PEV users and other grid actors (Fig. 2). Several 
interfaces have been implemented in order to allow the data 
flowing between these actors. The implemented DashBoard-
control center enables operators (such as energy suppliers and 
business operators) to monitor in real time and also forecast the 
behavior of the electro mobility grid. Moreover, several 
proactive functionalities are enabled leveraging the 
communication protocols established between smart CSs and 
this central server. A native App for Smartphones allows EV 
users to search for free CSs, book CSs, set the preferences for 
the PEV recharging process (as mainly functionality), read the 
real time level of battery, the estimated autonomy of PEV, etc. 
The control center provides commands and load schedules to 
the CSs, which therefore only play the executive role in the 
whole energy management process, by adapting the charging 
load according to the instructions received.  
The reservation process is carried out using the native 
smartphone App. The PEV user selects the most suitable CS 
and the most optimal FEV route is calculated and displayed on 
a map, also indicating the predicted arrival time, the route 
distance and the forecasted arrival state of charge. After having 
selected a charging station, the user introduces, via a web form 
interface, the needed parameters to allow the charging load 
control algorithm to compute the optimal charging profile for 
the charging sessions. These parameters include:  (i) the 
desired final level of charge, (ii) the time when the charging 
should start, (iii) the time when the charging process has to be 
terminated and, (iv) the chosen socket/plug among the 
available ones (e.g. SCAME or Mennekes). Together with 
these user parameters, several selected FEV model 
characteristics are obtained from the SMARTV2G system 
information back-end: (i) maximum battery capacity, (ii) 
maximum and minimum accepted power, (iii) arrival status of 
charge and, (iv) number of phases are also stored within the 
SMARTV2G reservation management database in order to 
allow a correct configuration of the future charging session. 
Once the user has defined these parameters, the SMARTV2G 
system receives this info and connects to the selected CS to 
send this information. The authentication process verifies the 
identity of each user through an RFID card. The user code is 
automatically checked through the control center to see if the 
user is authorized to perform the charging of the vehicle and  if  
 
Fig. 3. Commercial image of Charging Station (2 x Type 2 socket-outlets) 
a valid reservation for the user exists. In positive case, the 
control center creates a new charging session within the system 
database specifying the current start time (i.e. the first available 
timeslot for the load control algorithm to optimize) and the 
charging preferences (previously defined by the user during the 
reservation process described above).  
 Periodically (every 5 minutes), the charging station reports 
to the control center several information about the current 
charging sessions (e.g. applied power based on charging load 
set point calculated by the charging load control algorithm), 
which are used as feedback by the charging control algorithm 
to adjust the charging load set point if needed. When the 
charging session is terminated by the user (via his/her RFID 
card or by unplugging the vehicle), the charging station sends 
the last update to the control center (which terminates the 
charging session) and informs the user about the consumed 
energy in current charging session in kWh. 
IV. SMART CHARGING STATION 
Smart charging station, used in the SMARTV2G field test, 
is developed and manufactured by ETREL (Fig. 3; see [11]). It 
is intended for public and semi-public use and enables 
simultaneous charging of two PEVs with maximum charging 
current of 3 x 32 A (22 kW) per socket-outlet. Charging station 
may be equipped with any combination of standard household 
socket-outlets (mode 2 charging according to IEC 61851 
standard [10]) or Type 2 socket-outlets (in accordance with 
IEC 62196 standard) which enable mode 3 charging [10]. 
The main functional characteristics of CS used in 
SMARTV2G field tests are: 
• Two Type 2 socket-outlets for mode 3 charging with 
maximum charging current of 3 x 32 A per socket-outlet; 
• Utility feeder equipment (main disconnector/breaker, 
overcurrent and overvoltage protection, certified meters) 
embedded in the CS; 
• Communication with PEV (PWM signal on control pilot 
wire) according to IEC 61851 standard [10] used also for 
PEV charging load control; 
• PEV user identification with RFID cards that are swiped 
over the LED illuminated login area; 
• LCD display for interaction with PEV user; 
  
Fig. 4. Arrangement of equipment inside the charging station 
• LED indicators to display the availability of CS; 
• Energy meters for each socket acquire data on active 
(kWh) and reactive (kvarh) energy flow in both directions,  
output voltage (V) and current (A), and active power 
(kW); 
• Bidirectional communication with SMARTV2G Control 
Centre for charging authorization, reporting and operation 
control and monitoring via web services using LAN/WAN 
or GSM network. 
Arrangement of equipment inside the CS is presented in 
Fig. 4. The main control functions are executed by the CS main 
controller (Fig. 4, pos. 5) which communicates with all devices 
installed in the CS, controls their operation and communicates 
with SMARTV2G control center. The CS’s main controller 
internally stores the charging load profile and appurtenant time 
intervals. During charging, each power set point to be applied 
at a defined time is converted, with consideration of number of 
charging phases, to current (A) integer value and 
communicated to socket controller. The socket controller 
further converts the set point current value to corresponding 
duty cycle of PWM signal on the control pilot and thus limits 
(controls) the PEV battery charger’s load. 
 During charging, the CS sends the status report to the 
control center every 5 minutes. This information enables the 
control center to monitor the execution of charging load control 
and to take appropriate measures (modification of charging 
load profile) if PEV charging doesn’t follow the load set points 
or if external conditions (new reference load profile given by 
DSO, new PEV(s) asking to charge) require the charging load 
reprofiling. At the end of charging session (repeated 
identification of PEV user and plugging out of the cable) the 
CS sends to control center a charging session report which 
contains detailed data about charging. 
V. LOAD CONTROL METHODOLOGY 
As regards the demand side management algorithm, the 
charging sessions are managed by the LAC module according 
to a model predictive control principle [7]. Model predictive 
control is a popular optimization-based technique that allows 
to easily translate requirements and technical specifications of 
the problem into mathematical formulation. The reader is 
referred to [13]–[17]  for a review of other possible approaches 
to smart charging.  
The LAC module is in charge of updating the ongoing 
charging sessions (i.e. the load profiles to be applied by the 
EVSEs) each time a relevant event is notified to the EVSE 
operator, such as: new user requests, updates of the user 
preferences by one or more PEV users, price signals, volume 
signals by the DSO, etc. That is done in order to ensure that 
PEV charging load profiles are kept aligned with respect to the 
current state of the network and the current drivers’ 
requirements. In the developed model predictive control 
framework, that is done by building, at each time of update, a 
new optimization problem based on the latest available 
information (i.e. number and type of charging sessions to be 
controlled, feedback from the CSs and the PEVs in the form, 
respectively, of metering data and current SoC values (if 
available), tariff updates, volume signals from the DSO, etc.).  
A. Mathematical Formulation 
The mathematical formulation of the problem, which is the 
subject of [7], is briefly recalled in the following for the sake of 
completeness. The optimization problem is based on mixed-
integer linear programming. The objective function is given by 
the cumulative costs for charging !!"#$ , plus the weighted 
distance !!"# of the total PEV charging load from the DSO-
defined reference load profile ! = !!"#$ + !!!"# (1) 
The cumulative costs for charging are given by 
!!"#$ = ∆!!!"[!]!![!]!!!!!!!!∈! !!  (2) 
where ! is the temporal index, ! is the set of controlled 
charging sessions, ! the time when the LAC is triggered for 
computation of the load profiles, !! the departure time of the 
mth PEV, ∆!!  the maximum power for the mth charging 
session, ! the discretization time, ![!] the tariff and !![!] the 
control signal to be applied by the EVSE. In compliance with 
standard IEC61851, !![!]  is a semi-continuous variable 
(!![!] ∈ {0} ∪ [!!, 1], with !0 < !! < 1). 
The load reference tracking term !!"# is given by !!"# = !(!! − !!!"#) !    (3) 
where ! is a diagonal matrix of weights, ! is the vector of 
aggregated load (whose kth component is the controlled load at 
time ! , i.e. ! ! = ∆!!!![!]!∈!! , where !! ⊆ !  is the 
set of charging sessions controlled at time !) and !!"# a vector 
whose kth component is the DSO defined load reference at 
time !. The operator ∙ !:!! → ! denotes the the !!- norm  
defined on the real space. 
Several constraints are put in order to achieve a technically 
feasible solution of the optimization problem, in terms of real 
load profiles to be applied by the EVSEs. A constraint regards 
overload management, meaning that the cumulative controlled 
electromobility load cannot exceed a threshold !∗ set by the 
DSO for safe operation of the network 
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Fig. 5. Field test site with EVSE and PEV  ∆!!!![!]!∈!! !≤ !!∗[!]!!!!!!!!∀!! ∈ ! [!,! − 1] (4) 
where !! = ! "#{!!:! ! ∈ ! }  is the last time of control 
problem definition. A second set of constraints takes into 
account the SoC limitation given by the battery capacity !!!"# !≤ !!![!] !≤ !!!"#!!!∀! ∈ !!!!!∀! ∈ [!,!] (5) 
A third set of constraints makes sure that the user 
preferences are satisfied, namely, that the final state of charge 
is equal or greater than the one required by the PEV user !!!"# ≤ !!! !! ≤ !!!!"#!!!!!!!!!!∀! ∈ ! (6) 
A simple model with constant losses !! has been used to 
predict the future SoC of controlled PEVs (which, notice, is 
needed in order to be able to write the above constraints) !![! + 1] = !![!] + ∆!!!(1 − !!!)!![!]!!![!] != !!!!  (7) 
Finally, a set of constraints is put in order to keep under 
control the costs associated to the single charging sessions 
(see [7] for a detailed explanation) 
!! ! + ∆!!!! ! !! !!!!!!!!≤ 1 + ! !!∗ !!!!!∀!! ∈ !    (8) 
The reader is referred to [7] for a complete explanation of 
the mathematical formulation of the control problem. 
VI. FIELD TEST RESULTS 
Two kinds of tests have been performed in Ljubljana, 
Slovenia, at the premises of the Slovenian DSO Elektro 
Ljubljana and using the Elektro Ljubljana operated CSs: 
• Test I: Application of a static charging load set point, 
computed after the charging request and never updated; 
• Test II: Charging load set points periodically updated. The 
charging   load   set   point   is   first   computed  after   the  
TABLE I.  PEV PARAMETERS 
Nominal Battery Capacity [kWh] 22 
Maximum charging power [kW] 3.68a  
Type of charging (single phase or three phase) Single phase 
a. 1 * 16 A * 0.23 kV = 3.68 kW 
TABLE II.  TEST I 
Session 
ID 
Initial 
SoC!Desired final 
SoC [%] 
Measured final SoC 
[%] 
Energy 
measured at 
CS [kWh] 
180 a 10!30 38 5.54 
182 b 38!48 49 2.60 
a. Load profile computed considering for the battery capacity the nominal value of 22 kWh 
b. Load profile computed considering for the battery capacity the nominal value of 19 kWh 
charging request and then periodically updated until the 
end of the charging session. The charging load set point is 
updated to better track the power reference and to properly 
react to signals coming from the DSO and asking for a 
modification of the reference/maximum allowed load 
profile. 
A. Field Test Setup 
 The tests were performed on one of the Elektro Ljubljana 
CSs   installed   and   operative   on   the   field    for   public 
recharging, and by recharging a Nissan Leaf PEV (see Fig. 5 
and TABLE I). The considered CS is supplied with the 3 
phase connection, 3 x 63 A (main supply),voltage 230/400 V 
nominal power 43.65 kW, power factor 1.00, number of poles 
3P+N, grounding TN-S. The main supply current is divided 
inside the EVSE for two sockets, so that inside the station two 
sockets are protected by 3 x 32 A protection. The consumption 
of the CS is measured with the installed smart meters for each 
socket separately. So two meters are installed. Such approach 
is specific but more economical because the smart meters 
cover the data collection for the DSO and also for the CS 
operator. So the DSO, as responsible for the consumption data 
collection, delivers these data to all actors needed (e.g. 
supplier, service provider). Modern smart meters enable also 
voltage level read out. When the procedure of read out is 
done, the data voltage is read out also. 
B. Test I: Application of Static Charging Load Set Points 
 This kind of test aimed at demonstrating on the field the 
correct functioning of the whole SMARTV2G PEV charging 
control system, from the correct handling of users’ charging 
requests, up to computation of load profiles, correct 
application of profiles by the CS and finally the correct 
termination of the charging session. These tests have been 
performed with a single PEV and by letting the LAC compute 
the load profile only at the beginning of the charging session 
(i.e. without updating it periodically). 
These kinds of tests have highlighted, first of all, that the 
knowledge of good estimates of the efficiency factor !! and, 
in   particular,   of   the   actual   PEV   battery   capacity   are  
  
Fig. 6. Charging load set point as computed by the DSM algorithm 
 
Fig. 7. Comparison between the computed load profile and the applied one 
fundamental to satisfy the requirement on user preferences (in 
particular, the requirement on the energy to recharge). That is 
because the demand side management algorithm expresses the 
SoC in kWh values, while the user preferences and the PEV 
dashboard readings express the SoC value in %, so that a 
conversion is needed, which in turn requires the knowledge of 
the actual SoC. TABLE II reports two type I tests. From the 
table it is seen that considering the nominal value of the battery 
capacity (first row) leads to overcharge the PEV: it has to be 
taken into account that battery degradation progressively 
reduces the actual battery capacity. From TABLE II, it can be 
seen that the results improve when a value of 19 kWh is 
considered for the actual battery capacity (notice that a first 
estimate for the actual battery capacity can be calculated by 
simply comparing the metering data – energy – from the CS 
and the SoC readings from the PEV).  
As regards the requirement on the tracking of the reference 
load profile, Fig. 6 reports the relevant power signals derived 
from one of the performed tests (the power threshold, the 
power reference and the computed load profile, which is the 
load profile set point sent to the CS). It is seen that load 
reference tracking is accurate only close to the initial time 
(which is expected in these type I tests [7], since the load 
profile is never updated after it is first computed). Figure 7 
compares the PEV charging load set point (computed profile) 
with the actual power applied by the charging station. The 
profile in grey is the one actually applied by the EVSE. Each 
sample (i.e. the white dots in the figure) of the applied profile 
represents the real power as measured by the CS’s meter and 
sent to the SMARTV2G control centre each five minutes. 
From the figure it can be noticed that the applied power 
follows the calculated one with good accuracy. In particular, 
the average distance between the load profile set point and the 
actuated one is 0.114 kW, the mean squared error is 0.00372. 
The maximum distance between the load profile set point and 
the actuated one is 0.212 kW. The mismatch between the two 
profiles could depend on: 
 
Fig. 8. First computed charging load set point 
 
 
Fig. 9. Last computed charging load set point 
 
Fig. 10. Last computed charging load set point (in yellow) and applied load 
profile (in grey) 
• Rounding of the power set point value to integer phase 
current values; 
• Disturbances, like the ones influencing the voltage level, 
which is assumed constant by the DSM algorithm; 
• Nonlinearities characterizing the battery and the charger. 
C. Test II: Charging Load Set Points Periodically Updated 
In the second kind of field tests the control system 
periodically (each 5 minutes)  updates  the  charging  load  set  
points,  by iterating the EV charging control algorithm 
described in Section V. This approach allows achieving 
accurate reference tracking and to react to events like new 
charging requests and variations of the reference profile set by 
the DSO (i.e. DSM signals). As an example, in Fig. 8 and Fig. 
9 are reported, respectively, the first and last charging load set 
points computed by the control system to serve a user charge 
request in such a “time-driven” mode. It can be seen that the 
load set point changes in order to best adapt to the load 
reference which, also, has been changed during the execution 
of the test, to simulate a volume reduction DSM signal sent by 
the DSO to limit the power available for charging. Figure 10 
shows the final evolution of the charging load set point to the 
CS and the charging power actually applied, as measured by 
 the CS meter. It is relevant to notice that some reports to the 
CS are lost due to GSM connectivity issues. 
VII. CONCLUSIONS 
 This paper has discussed the real implementation of 
advanced electric vehicle recharging control functionalities 
supporting demand side management strategies. Field test 
results have been presented and discussed, demonstrating the 
feasibility and good performances of the proposed PEV 
charging management system. It has been demonstrated the 
ability of controlling the single load profiles at EVSE level 
according to requirements related to grid operation constraints, 
costs minimization and user preferences satisfaction. Also, the 
aggregated load from PEVs can be shaped in order to mitigate 
the impact on the grid and providing balancing power. 
Important remarks in particular relates to the necessity of 
accurate feedback from the PEVs regarding the actual capacity 
of the batteries and the real-time value of the SoC. The lack of 
such information precludes the possibility of accurately 
satisfying the user requirement on the final desired SoC.  
 Future works will regard the test of the proposed PEV 
control system for controlling simultaneous charging processes 
at public CSs, the test in a residential scenario, according to the 
PEV integration scheme proposed in [18], and the extension of 
the proposed control strategy for balancing renewable energy 
sources, especially dealing with photovoltaic plants and wind-
turbine driven generators (the latter by proper interfacing with 
the control system developed in [19]). Novel Future Internet 
paradigms [20] and innovations in the ICT/telecommunication 
sectors [21] are also expected to bring benefits to the whole 
monitoring and control chain discussed in the paper and will be 
considered for future works.  
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